A compact, repetitive pulsed power system has many applications, but some basic aspects of the breakdown characteristics need further investigation. The purpose of this paper is to investigate the breakdown characteristics of dry air with repetitive nanosecond pulses. The variables affecting the discharge conditions, including the applied pulse voltage, pulse repetition frequency, gap distance and gas pressure, are investigated. The relationship between the breakdown time lag, the repetitive stressing time, and the number of applied pulses to breakdown with pulse repetition rate, E-field strength and pressure are obtained, and the breakdown characteristics and mechanism are also discussed. It is suggested that activated neutral species and residual ions should be taken into account, and repetitive nanosecond-pulse breakdown is characterized by the accumulation effect.
Introduction
An important trend in pulsed power technology is the study of compact repetitive pulsed power systems, which have applications in defence systems, laser systems, high-energy physics, waste treatment, material processing and other industrial areas. Compact repetitive pulsed power systems can be improved by enhancing the peak and average power output, increasing the pulse repetition frequency (PRF) and reducing the equipment size to meet the demands of the increasing applications [1] . Improvements can be made in components and switches and in our knowledge about fundamental dielectric phenomena. The electrical insulation and dielectric breakdown should be considered as the design criteria of an improved compact repetitive system.
Most research regarding short pulse breakdown is conducted using a single nanosecond pulse [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , while some investigations confirm that the breakdown with repetitive pulses is different from that of a single pulse [12] [13] [14] [15] [16] . In the field of fluid insulation breakdown, the effect of bubble formation and heat injection should be considered synthetically under repeated pulse conditions [12] . The breakdown strength of transformer oil is reduced greatly under repetitive subnanosecond pulses, and is likely due to the presence of residual charged species from previous pulses [13] . The experimental results in [15] show the breakdown electric field in gas during repetitive bursts is lower than that of a single pulse. This is due to a cumulative effect of excited particles and stored charges from previous pulses. The decay and reactivation characteristics of a leader discharge, subjected to repeated surge over-voltages, were reported by Les Renardieres et al. The leader path is rapidly reactivated by the next pulse applied up to 1ms after its original formation, and the new leader growth may still retrace the original leader path for longer time intervals [17] . MacGregor et al had studied the repetitive performance of high-pressure gas switches and paid attention to the voltage recovery characteristics. It was shown that the measured voltage curve contains an intermediate plateau lasting several hundred milliseconds and it was attributed to several factors, i.e. the ion population, recovery of excited neutral species, and PRF [18] . It was also reported in [19] that corona discharge development would increase the power loss with rising PRF, which was attributed to an increased number of metastables. Recently, the memory effect of electrical breakdown in low pressures has been reviewed by Pejovic et al in detail, and it was claimed that secondary electrons created by the charged and active neutral species lead to the initiation of electrical breakdown [20, 21] . The aim of this paper is to study the effects of several parameters on the breakdown characteristics of dry air between parallel-plane gaps. These parameters include the applied pulsed voltage, PRF, gas pressure, and gap length. In addition, a possible mechanism explaining the breakdown phenomena is discussed.
Experimental setup
A schematic diagram of the experimental setup is shown in figure 1 . A solid-state pulse generator (called SPG200) with a semiconductor opening switch (SOS) is used to produce high voltage repetitive nanosecond pulses [22] . The generator is an inductive energy storage type, consisting of a primary charging unit, a magnetic compression unit and a SOS amplifying unit. The technical parameters of the generator are given in table 1. The repetition rate varied from single shot to 2 kHz and was adjusted by a trigger modulator. A cycled salt water solution was connected in parallel with the experimental circuit, and the output voltage was changed by adjusting the density of the cycled salt water. Typical incident voltage and current waveform envelopes from 207 pulses are shown in figure 2 . The overlap of the waveforms clearly shows the reproducibility of the generator. A limiting resistor of 200 was connected in series with the test chamber to avoid unwanted damage to the SPG200 and current diverter. The discharges are created between two circular plane-parallel brass electrodes with a diameter of 6 cm in a PMMA container. The electrodes were polished and cleaned in advance. The gap length can be adjusted with an accuracy of ±0.1 mm. 
Experimental measurement and procedure
The applied voltage, discharge current, repetitive stressing time and number of applied pulses are the important parameters during the investigation. The measurement arrangement is also shown in figure 1 . Two TDS oscilloscopes (TDS-684A with a bandwidth of 1 GHz and a time resolution of 5 GS s −1 and TDS-3054B with a bandwidth of 0.5 GHz and a time resolution of 5 GS s −1 ) were used to record the signals. The connecting cables had two double shields, and a PC was used to save all signals for post-processing by means of GPIB interfaces. The instrumentation was all placed in a Faraday cage.
Signal measurement
A capacitive voltage divider inserted between the SPG200 and the limiting resistor was used to measure the applied pulse voltage, and a current diverter made of an ultra-high frequency oxide film resistor was used to measure the pulse discharge current. The voltage ratio of the divider was approximately 4780, and the resistance of the current diverter was approximately 0.2 . To obtain the waveforms of the applied voltage and discharge current simultaneously, when the breakdown phenomena occurred, the output of the current diverter after 20 dB attenuation was set as the trigger signal of the TDS-684A. The system used to measure the voltage and current was calibrated, and the measurements of both the divider and the diverter were checked. In addition, the charging time constant of the experimental circuit was below 1 ns, and so the effect of the limiting resistor on the pulse risetime applied could be neglected. The typical applied voltage and discharge current waveforms are shown in figure 3a. It was found that the rise-time and the pulse width at the half peak of the applied voltage were about 10 ns and 25 ns, respectively, and the waveform of the discharge current was much sharper.
Compared with single pulse or dc breakdown, repetitive pulse breakdown has a time duration which might last dozens of seconds to minutes after the first pulse is applied. This time duration is referred to as the repetitive stressing time (RST). Generally, the number of applied pulses, with a microsecond or millisecond pulse width, can be counted using a digital counter or specially designed equipment with automated data acquisition and control functions [12, 23] . In the experimental investigation, the number of applied pulses was calculated by measuring the time duration, t RST . The number of applied pulses, N , can be calculated:
where f is the applied PRF. If the value of the calculated N contains a fractional part, only the integer part is used. The measurement of the RST was performed using the TDS-3054B, as is shown in figure 1 . Two channels of the TDS-3054B, connected to a trigger modulator and a TTL-port of the TDS-684A, were used. When the trigger modulator provided a pulse signal for initiating the SPG200, the pulse signal was also transmitted to one channel of the TDS-3054B simultaneously, triggering the start of the RST. After consecutive pulses were applied, the appearance of a significant current indicated the breakdown, and the current signal triggered TDS-684A recorded the voltage and current. At the same time, the TTLport of the TDS-684A could produce a low-level signal of about 4 V as the stop signal of the RST. A typical experimental result is shown in figure 3(b) . It indicates an RST of about 2.73 s.
Experimental procedure
The main preset parameters include the applied voltage, gap lengths, and PRF shown in table 2. The experimental investigation is a lifetime test [23] . In the test, the applied voltage is set and maintained at some level until breakdown takes place. Because the running time of the SPG200 must be restricted in a range, especially under a high PRF, the time duration of the repetitive nanosecond pulses applied to the gap is limited. The maximum time durations under different PRFs are also given in table 2. Each test point was repeated ten times, with an ample time interval for air renewal to allow stabilization from the aftereffect of the previous breakdown. If the gap could be bridged under a single pulse, repetitive-pulse breakdown experiments were halted. In the range of the maximum time duration, the breakdown was accepted when the breakdown probability was greater than or equal to 50%.
Experimental results
In the experiments, the observational breakdown time lag, τ , is defined as the time interval between the initial spike (resulting from the displacement current across the gap) and the subsequent large current rise, as shown in the discharge current waveform in figure 3(a) . The breakdown E-field strength, E, is defined as the applied voltage divided by the gap distance. The experimental results are summarized in figures 4-6. The error bars in all these figures show one standard deviation above and below the mean value of measurements.
The E values at different PRFs according to the breakdown data at atmospheric pressure are shown in table 3. It can be seen that E decreases with increasing applied PRF. E at low-PRF (1-10 Hz) is in agreement with the results reported by Kawada et al [9] . E is close to the dc value when PRF is 0.5 or 1 kHz. The breakdown field is about 100 kV cm −1 when a single pulse is applied to the gap, and the results are similar to those presented by Martin [24] , where E increased by a factor of 3 over the dc value for a 10 ns pulse in 1 atm of air. The results indicate the lowering of E during repetitive pulses due to the accumulation effect seen with repetitive pulses. Figure 4 shows the variation of τ , RST and the number of applied pulses with pressure and repetition rate at an applied voltage of 100 kV, and a gap distance, d, of 5 mm. It can be seen that τ , RST and the number of applied pulses increase with increasing gas pressure. When the gas pressure, P , is 0.1 or 0.2 MPa, breakdown takes place under a single pulse, but above 0.3 MPa, only repetitive nanosecond pulses can result in a breakdown even if the PRF is 1 Hz. It can also be seen from these figures that a larger PRF results in a smaller τ and RST, but the number of applied pulses are always increases with the repetition rate at a fixed pressure. Figures 5 and 6 show the variation of τ , and RST with repetition rate. In each figure the experimental results of two conditions with the same product of P and d are given, and a reference curve of a nonlinear fit is included. It can be seen that τ and RST decrease with increasing repetition rate. This suggests that repetitive nanosecond pulse breakdown is also associated with the memory effect of residual ions and metastables created by applied pulses.
Discussion

Characteristics of measured breakdown time lag and RST
The breakdown time lag consists of the statistical time lag and the formative time lag. The former is the time required for the appearance of the first initial electron that starts the avalanche, and the latter is the time up to the onset of the voltage collapse after the initial electron appearing between the electrodes. The reduction in observational time lag with applied PRF in figures 4(a), 5(a) and 6(a) can be explained by considering two aspects: (1) the statistical feature of the appearance of the first initial electron is greatly reduced; (2) a large number of initial electrons will appear in the interelectrode region, and the time lag of multiple-electron initiation is obviously smaller than that of single-electron initiation [5] . The former leads to the reduction of the statistical lag, and the latter results in the decrease of the formative lag. All these reductions may be related to the accumulation effect of metastable species and residual charges, which is more obvious under high-PRFs, as reported by other researchers [20, 21, 25] . The working modes of repetitive pulsed power systems can be classified as burst operation and continuous mode. So, the experimental investigation must be associated with the time duration of the applied pulses, which is also referred to as RST in this paper. From our results for a high PRF, the RST can decrease by several orders compared to that at a low PRF, but the actual number of applied pulses to breakdown would be likely to increase always. The effect of metastable species and residual charges should be considered for the RST to decrease with increasing applied PRF. The details of the accumulation effect on the discharge process are not yet fully understood and need future investigation.
Characteristics of repetitive pulsed breakdown
Repeated pulse breakdown is characterized by an accumulation or memory effect. It was reported that the time characteristic of the decay of the leader channel conductivity is of the order of 1 ms, and the time characteristics for the leader channel cooling and the space-charge dissipation are much longer in a 6 m rodplane gap [17] . It was also reported that the recovery time of spark gap switches in repetitive applications would be about 1 s [18] . Some studies about the memory effect were based on gas breakdown at low pressures (up to ∼10 3 Pa), and it was shown that the memory effect could last hours in some extreme conditions [20, 21, 25] . There are some apparent differences between our results and these experiments. The gap is not fully bridged after consecutive pulses until the appearance of a breakdown pulse and the breakdown is a single event, but breakdown takes place in each pulse in these experiments. Though the sparkover of the gap is not complete during the application of consecutive pulses, these repeated pulses might bring about the appearance of many ions and excited neutral species. It was shown that even with a corona current of 70 µA about 10% of the nitrogen molecules were in an excited state [26] . So it can be speculated that the species created by the repetitive pulses will remain in the electrode gap, which might have positive ions, negative ions, and neutral species including vibrationally excited molecules and electronically excited metastable states. Though the metastables in air are not very well known, the lifetimes of some important metastables greater than 1 s are given in table 4 [27] . The population of residual charges and metastables depends strongly on the applied PRF and RST, and the loss is mainly due to the basic processes of recombination, attachment, deactivation, and diffusion.
Breakdown mechanism
There are two basic theories to explain the electrical breakdown, which are known as the Townsend theory and streamer theory. But the validity of the models is in question in the area of nanosecond-pulse breakdown owing to its complexity, i.e. the time needed by elementary discharge process is commensurable with the time duration of the applied pulse. Although some work has been done, the breakdown mechanism is still not fully understood in the nanosecondbreakdown range. Besides the conventional avalanche-tostreamer theory, some other models were put forward, i.e. the avalanche chain model [5] , continuous electron acceleration due to ionization of fast electrons [6] , and the two-group model of behaviour of fast electrons [8] . All these models are based on the runaway of fast electrons, and the ionization induced by runaway electrons is considered to be more rapid and more effective. Compared with the conventional streamer model, all these models agree on the formation of the streamer and the weakly ionized plasma, and photo-ionization is a secondary consideration.
The models based on runaway electrons may be more promising, even if the traditional streamer model is still used to explain the breakdown mechanism [2, 9] . We suppose that the breakdown mechanism under repetitive nanosecondpulses conditions should be related to the accumulation effect based on runaway breakdown, but further research is necessary. In order to compare our experimental results with the conventional avalanche-to-streamer theory, the data and curve obtained from the traditional streamer criteria are shown in figure 7 . The streamer criterion is αχ = 20, and the calculated breakdown formative time lag τ can be defined by τ = χ/ν, and we obtain
where α is the ionization coefficient in cm −1 and can be calculated according to the expression α/P = f 1 (E/P ). P is the pressure in Torr (133.32 Pa), E is the applied E-field strength in V cm −1 . χ is the critical length of the initial avalanche in cm, and ν is the electron drift velocity in cm s −1 and can be calculated using the formula ν = f 2 (E/P ). The empirical formulae of f 1 and f 2 are [9] α/P = f 1 (E/P ) = 1.16 × 10
It can be seen from figure 7 that our experimental data do not agree with the values predicted by the traditional streamer criteria, with which lower P τ values are predicted for a given E/P . A similar conclusion can be deduced using the experimental results reported in [10] . There are two possible reasons. First, the breakdown time delay from experimental results is of the order of nanoseconds or subnanoseconds. This time lag, according to the traditional streamer model, is not within the nanosecond or sub-nanosecond time range. Second, the formative time lag can be separated into the avalanche formation time and the predischarge channel formation time [28] . τ , as defined in the traditional streamer criteria, is the avalanche formation time, and the predischarge channel formation time is insignificant. However, in the nanosecond range, the predischarge channel formation time can be comparable with the avalanche formation time, and may be larger under some conditions. So, the breakdown time delay resulting from this investigation is larger than predicted by the streamer criteria. Also, the slope of P τ versus E/P is greater than would be predicted by the traditional streamer model. Up to now, runaway breakdown models based on high-energy fast electrons are somewhat qualitative, and comparison with our data is difficult, but we suppose the runaway breakdown mechanism associated with the accumulation effect should be a potential direction for describing repetitive nanosecond-pulse breakdown.
Conclusion
The breakdown characteristics of parallel-plane gaps in dry air were investigated with repetitive nanosecond pulses. The investigation shows that E decreases with increasing applied PRF; τ , RST and the number of applied pulses increase with increasing gas pressure, and τ and RST decrease with increasing repetition rate. Also, the experimental curve of P τ versus E/P does not agree with that predicted by the traditional streamer criteria. All these results indicate that the breakdown is strongly related to the accumulation effect due to residual charges and excited metastable particles resulting from repeated nanosecond pulses. The breakdown mechanism is not yet fully understood and needs further investigation. Further work will concentrate on the mechanism and experimental investigations of other gases, i.e. N 2 and H 2 , as well as on improving the measurement system.
